THE MYOTOMAL MUSCLE
OF FISH is composedofred and white fibers superficially similar to those of mammals. In the carp (Cyprinus carpio) the white fibers represent about 90% of the muscle mass and by visual appearance alone may be dissected free from the adjacent red fibers. Although individual fibers within the white muscle mass of carp may differ in diameter (4), these fibers appear to be homogenous in terms of energy-generating properties (6, 10, 22). Thus the carp is an ideal species in which to study white muscle metabolism.
On the basis of hemoglobin, myoglobin, and mitochondrial content, vascular supply, and enzymatic properties, the red muscle is considered to have a metabolism that functions primarily aerobically, whereas the white muscle is highly dependent on anaerobic means of energy generation (see 8). In fact, the major role of white muscle is to act as a powerful but temporally limited energy source for burst movement, such as required in capturing prey or avoiding predators (see 18). -There is a vast area of literature, recently reviewed by Bilinski (3), on the quantitative relationship between glycogen depletion and lactate accumulation in fish muscle during exercise. Sufice for the present to reiterate the common finding:
the greater the energetic demand placed on muscle, either by swimming longer at a given speed (above a certain level) or by swimming faster for the same length of time, the greater the depletion of glycogen and accumulation of lactate. Glycogen mobilization in fish white muscle is so rapid that during burst activity half of this fuel source may be depleted in 15 s with a concomitant production of lactate (28). The glycolytic pathway in fish muscle is similar to that described for other species; phosphofructokinase (EC 2.7.1.11) a n pyruvate kinase (EC 2.7. 
Animak.
Carp (Cyprinus carpio), 12-15 cm in length, were seined from a local pond. Animals were maintained at 12 t 1°C in aerated running water under a simulated natural photoperiod and were fed frozen corn ad lib. Fish were exercised at 11°C in a swim tunnel; details of the apparatus and precautions to ensure adequate functioning have been described by Jones (13). Fish were introduced into the tunnel and forced to swim at 8.6 cm/s for 1 h. After the introductory phase the fish were subjected to lo-min periods of swimming at fixed velocities, after which the velocity was rapidly increased. The velocity increment was approximately 7 cm/s. The experiment was terminated when the fish could not remove itself from an electrified grid at the rear of the chamber. This usually occurred during the fourth speed increment.
Th.e average final velocity that the fish achieved, as empirically calculated by Brett (5), was 31 cm/s. Failure of a fish to meet the imposed velocity was not due to exhaustion of the white muscle, for after the experimental period an animal was still able to perform burst activity if forced to do so. Thus, in the present study there is no reason to believe that the white muscle was fatigued.
Preparation of tissue. Fish were removed from the holding tank or the swimming tunnel and immediately decapitated.
A portion of white muscle weighing approximately 1 g was dissected from immediately below the dorsal fin starting at the posterior margin and going anteriorly.
The tissue sample was then frozen in liquid nitrogen
Time elapsed between removal of the animal from water and the freezing of ti ssue was about 5 s. The frozen tissue was powdered with a mortar and pestle that had been previously cooled and then the sample was placed in a 40-ml plastic centrifuge tube into which a Teflon pestle could fit snugly. The test tube contained an aliquot of cold HClO, (8% wt/vol) in 40% ethanol. The sample was mixed quickly with a glass rod and the amount of HClO, was taken up to 3.5 ml/g tissue. , and 5'-nucleotidase (7) . All enzymes were purchased from Sigma. Results are expressed as micromoles of the specified substance per gram wet tissue. Water content of the tissue was determined to be 80%. The data are compared with the Student t test and a probability of less than 0.05 was considered to be significant.
RESULTS
The results of the present study are summarized in Table 1 . The content of ATP decreases with activity.
When the animals are exercised, ATP concentrations are reduced by about 65%. Levels of ADP also decrease a small but significant amount; however, AMP concentrations remain low and unchanged. The concentrations of all of the glycolytic intermediates measured increase during activity. The greatest change occurs in lactate levels, which increase by about 10 pmol/g. The mass-action ratio of the phosphofructokinase reaction is 1.82 in the rested fish and 2.78 in the exercised group. These values are displaced from the equilibrium constant of reaction by about 2 orders of magnitude (30) and support the concept of a regulatory role of phosphofructokinase in this tissue. Of the two amino acids measured, aspartate levels decrease by a small but significant amount whereas there is a tendency for an increase in the level of alanine. As with alanine there is a tendency for cu-glycerophosphate levels to increase during activity. Of the two compounds measured associated with the Krebs cycle, malate concentration remained constant but citrate levels showed a tendency to decrease, although this was not statistically substantiated.
DISCUSSION
With respect to control of glycolysis per se, the situation in carp white muscle seems fairly clear. Increasing concentrations of glucose 6-phosphate, fructose 6-phosphate, fructose 1,6-diphosphate, and lactate during the exercise period indicate that, as expected, the glycolytic contribution to energy production is increased during high work rates. Activation of the two key regulatory enzymes of glycolysis, phosphofructokinase and pyruvate kinase, may be explained on the basis of the known kinetic properties of these enzymes. Thus substrate and product activation (9) of phosphofructokinase (by fructose 6-phosphate and fructose 1,6-diphosphate, respectively) with concomitant fructose 1,6-diphosphate feedforward activation of pyruvate kinase, commonly observed in fish muscle pyruvate kinases (27), could readily account for the observed increase in glycolytic rate. Moreover, deinhibition of these two enzymes would be expected as a consequence of falling levels of ATP, a process facilitated by fructose 1,6-diphosphate (9, 27). Finally, further deinhibition of phosphofructokinase may occur due to decreasing levels of citrate (9). In these control characteristics, carp white muscle glycolysis appears to be similar to other more commonly studied systems [see Hochachka and Storey (12) for amplified discussion of this area]. Two minor inconsistencies with the literature deserve mention, however. First, it is evident from our data that the energy charge is essentially identical at both levels of muscle metabolism and muscle work. Although in vitro both phosphofrmctokinase (26) and pyruvate kinase (23) are stimulated by a decrease in this parameter, in vivo it is clear that energy charge plays only a modest role in sustaining the high glycolytic rates that support higher work rates. Second, there is no evidence whatever that AMP constitutes an uniquely important metabolite signal to muscle glycolysis, as suggested by Newsholme (21), for its concentration is similar at the two widely differing glycolytic rates. In contrast, if there is a single adenylate signal that is important to a sustained high level of glycolysis it presumably is ATP, since its overall concentration change is the greatest. As we argue below, however, in order to take advantage of this metabolic signal the organism must tolerate an overall reduction in the adenylate pool. It is interesting that the increase in NH,+ content in muscle during activity was less than the adenylate pool decrease or IMP increase. Probably this NH,+ was spilling out of muscle cells, as there are no nitrogen carriers in fish muscle comparable to glutamine in mammalian muscle. Since production of NH,+ under these conditions is probably totally anaerobic, our results provide an explanation for the observed phenomenon of anaerobic NH,+ production and excretion by intact fish (16).
